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Understanding the global redox state of the oceans and its cause-and-effect relationship with periods 
of widespread organic-carbon deposition is vital to interpretations of Earth’s climatic and biotic 
feedbacks during periods of expanded oceanic oxygen deficiency. Here, we present a compilation of 
new and published data from an organic-rich locality within the proto-North Atlantic Ocean during 
the Cenomanian–Turonian boundary event that shows a dramatic drawdown of redox-sensitive trace 
elements. Iron geochemistry independently suggests euxinic deposition (i.e., anoxic and sulfidic bottom 
waters) for the entire section, thus confirming its potential as an archive of global marine metal 
inventories. In particular, depleted molybdenum (Mo) and vanadium (V) concentrations effectively 
record the global expansion of euxinic and oxygen-deficient but non-sulfidic waters, respectively. The 
V drawdown precedes the OAE, fingerprinting an expansion of oxygen deficiency prior to an expansion of 
euxinia. Molybdenum drawdown, in contrast, is delayed with respect to V and coincides with the onset 
of OAE2. Parallel lipid biomarker analyses provide evidence for significant and progressive reorganization 
of marine microbial ecology during the OAE in this region of the proto-North Atlantic, with the smallest 
relative eukaryotic contributions to total primary production occurring during metal-depleted intervals. 
This relationship may be related to decreasing supplies of enzymatically important trace elements. 
Similarly, box modeling suggests that oceanic drawdown of Mo may have approached levels capable 
of affecting marine nitrogen fixation. Predictions of possible nitrogen stress on eukaryotic production, 
locally and globally, are consistent with the low observed levels of Mo and a rise in 2-methylhopane 
index values during the peak of the OAE. At the same time, the environmental challenge presented by 
low dissolved oxygen and euxinia coincides with increased turnover rates of radiolarian clades, calcareous 
nanofossils, and foraminifera, suggesting that the temporal patterns of anoxia/euxinia and associated 
nutrient limitation may have contributed to the fabric of OAE2-related turnover.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The oceanic anoxic event at the Cenomanian–Turonian bound-
ary (OAE2, 93.9 Ma) is one of the best documented episodes of 
widespread carbon burial in Earth history and is characterized by 
a large coeval positive carbon isotope excursion (as reviewed in 
Jenkyns, 2010). Despite the presence of a well-oxygenated atmo-
sphere (Berner et al., 2003), multiple geochemical proxies record 
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anoxic and/or euxinic (anoxic and sulfidic water column) condi-
tions during OAE2 (Hetzel et al., 2011; Jenkyns, 2010, and refer-
ences therein; Lu et al., 2010; Owens et al., 2012; Turgeon and 
Brumsack, 2006). During this short-lived event [∼0.5 million yrs, 
Myr, Voigt et al., 2008, and references therein] dissolved hydro-
gen sulfide appears, on occasion, to have penetrated the photic 
zone (as reviewed in Jenkyns, 2010). However, despite the ap-
parent extremes in oxygen deficiency, accompanied by widespread 
deposition of organic-rich shales, direct geochemical evidence for 
local bottom-water anoxia/euxinia has mostly been restricted to 
the Atlantic and Tethys Oceans, while redox conditions in the Pa-
cific, Indian and Arctic Oceans remain less well constrained due 
to minimal geochemical analysis. Despite recent model estimates 
of ∼40–50% ocean anoxia by volume (Monteiro et al., 2012), and 
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sulfur isotope systematics suggesting that ∼5% of the seafloor was 
overlain by euxinic waters (Owens et al., 2013), further geochem-
ical constraints are needed that more specifically delineate the 
redox structure of the wider ocean and its potential role in reg-
ulating nutrient availability. OAE2 marks a biotic turnover in the 
Mesozoic (Bambach, 2006, and references therein), which has been 
causally linked to an expansion of anoxia and/or euxinia (Leckie et 
al., 2002).

Increased organic carbon burial during an OAE can, in principle, 
be attributed to enhanced productivity and/or increased preser-
vation (as reviewed in Jenkyns, 2010). However, maintenance of 
enhanced productivity and export at a global scale would require 
exceptional availability of major nutrients and bio-essential trace 
metals within the ocean. Mechanisms of enhanced nutrient deliv-
ery and/or recycling include increased hydrothermal activity (as 
reviewed in Jenkyns, 2010), continental weathering (Pogge von 
Strandmann et al., 2013, and references therein) and recycling of 
phosphorus from sediments due to more pervasive anoxia (Kraal 
et al., 2010); however, the relative contribution of each remains 
poorly constrained. Additionally, trace metals are important mi-
cronutrients for a range of catalytic metabolisms such as nitrogen 
fixation (Bellenger et al., 2011; Glass et al., 2010, and references 
therein), and it has been shown that growth status and nitrogen 
fixation rates undergo sharp changes at Mo concentrations below 
∼10 nM (Glass et al., 2010; Zerkle et al., 2006). In this light, we 
combine new and existing trace element data (Hetzel et al., 2009;
Owens et al., 2012), geochemical modeling and lipid biomarkers to 
explore the spatiotemporal distribution of bioessential trace metals 
during and proximal to OAE2, with the specific goal of providing 
novel insight into the extent and timing of ocean redox changes 
and their possible impact on marine ecosystems.

2. Background

2.1. Trace metal geochemistry

The relationship between sedimentary metal enrichment, lo-
cal redox and dissolved seawater concentrations is well known for 
modern euxinic basins (Lyons et al., 2009). For example, concentra-
tions of Mo, V and Zn are significantly greater than those observed 
in oxic environments, and their relative stratigraphic variability can 
be explained by differences in their redox behavior. Molybdenum 
is the most abundant transition metal in the well-oxygenated mod-
ern ocean due to its high solubility as MoO2−

4 [∼104 nM, Miller 
et al., 2011, and references therein] and is characterized by a rel-
atively long residence time [∼450 kyr Miller et al., 2011, and 
references therein]. Scavenging of Mo by Mn-oxide phases is an 
important removal pathway in the ocean; however, Mo is most 
efficiently buried in the presence of free sulfide, both in the sed-
iments and the water column, with the latter being substantially 
more effective (Scott and Lyons, 2012). We distinguish between 
sulfidic sediments and a sulfidic water column and define reducing 
environments as those in which sulfide accumulation is restricted 
to pore fluids. These conditions often occur beneath low-oxygen 
bottom-waters similar to modern oxygen minimum zone environ-
ments (Little et al., 2015). In the modern oxic ocean, V is charac-
terized by a shorter residence time [∼50 to 100 kyr, Algeo, 2004;
Morford and Emerson, 1999] and a smaller dissolved marine 
reservoir [35 to 45 nM, Morford and Emerson, 1999, and refer-
ences therein], regulated primarily through its removal as vanadate 
oxyanions (HVO2−

4 and HVO−
4 ) associated with Mn- and Fe-oxides 

and by efficient burial in low oxygen settings (as reviewed by 
Tribovillard et al., 2006).

Efficient sequestration of sedimentary V starts in low oxygen 
environments and continues through euxinic conditions (Algeo, 
2004; Morford and Emerson, 1999). Therefore, in contrast to Mo, 
reductive enrichment of V in marine sediments can be indepen-
dent of sulfide. We can therefore use V as an indicator of low oxy-
gen and anoxic conditions—an important contrast to the sulfide-
dependent enrichment of Mo. The residence time of Zn is also 
relatively short, ∼11 ka (Little et al., 2014), with a small dis-
solved marine concentration of ∼5.4 nM. Importantly, sequestra-
tion of sedimentary Zn, like V, begins in low oxygen environ-
ments and continues through euxinic conditions (Algeo, 2004). 
Under low oxygen conditions both V and Zn are likely associ-
ated with organic matter, humic and fulvic acids and are buried 
as vanadyl ion and sphalerite minerals, respectively (Algeo, 2004;
Tribovillard et al., 2006).

2.2. Organic geochemistry

In thermally immature, sulfur-rich sedimentary rocks, a high 
proportion of the total biomarker pool is often bound covalently in 
geomacromolecules due to early diagenetic vulcanization processes 
that take place in euxinic water columns and shallow sediments 
(Sinninghe Damsté and de Leeuw, 1990). Selective preservation of 
lipids in these environments may lead to signal bias in biomarker 
records (Kohnen et al., 1992; Sinninghe Damsté and de Leeuw, 
1990) if only the extractable (free) hydrocarbons are analyzed. Cat-
alytic hydropyrolysis (HyPy) is a well-established analytical tech-
nique for generating high yields of hydrocarbon products from 
kerogen and immature sediment while retaining important struc-
tural and stereochemical features (Love et al., 1995). HyPy has been 
useful in previous studies of OAE samples (Blumenberg and Wiese, 
2012).

Hopanoids and steroids are polycyclic lipids that are synthe-
sized by diverse groups of bacteria and eukaryotes, respectively, 
with similarly high preservation potential in the geological record. 
The Phanerozoic marine average for the hopane/sterane ratio for 
organic-rich rocks and oils typically lies in the range of 0.5–2.0 
(Cao et al., 2009). Additionally, abundance patterns for the steroid 
carbon number in the C27–C30 range broadly reflect the algal 
community composition (e.g., Kodner et al., 2008; Schwark and 
Empt, 2006; Volkman, 2003). C29 steroids are the precursors to 
the 24-ethylcholestanes found in ancient rocks and oils and are 
particularly abundant in green algal clades, whereas C27 ster-
ane (cholestane) precursor lipids are more abundant in red algae 
(rhodophytes and dinoflagellates) (Kodner et al., 2008). C28 steroids 
(preserved as 24-methylcholestanes) are important in higher or-
der endosymbiotic red algal lineages that were not dominant 
or diverse until late Mesozoic time and younger (Grantham and 
Wakefield, 1988), including haptophytes and diatoms, but also 
in some prasinophytes from the green lineage (Kodner et al., 
2008; Volkman, 2003). The C30 steranes, 24-n-propylcholestanes 
are mainly derived from sterol precursors produced by the exclu-
sively marine algal class Pelagophyceae, although these have also 
been reported as minor constituents of foraminifera (Giner et al., 
2009; Grabenstatter et al., 2013).

3. Materials and methods

3.1. Samples

We present a compiled organic and inorganic dataset from a 
high-resolution spliced section from Demerara Rise, Ocean Drilling 
Program (ODP) Site 1258, holes 1258A, 1258B and 1258C (Fig. 1). 
Site 1258 was the deepest of the holes drilled during Leg 207, es-
timated to have been at paleodepths >1000 m. The Demerara Rise 
transect of Leg 207 was along the continental slope, approximately 
hundreds of kilometers from the coastline of Suriname (Erbacher 
et al., 2004). Importantly, past researchers have argued that con-
nections between this region and the open proto-North Atlantic 
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Fig. 1. Paleogeographical reconstruction with ODP 1258 highlighted in white. Additional markers indicate sites with published Mo and TOC values during OAE2 (see Table 1). 
The dark blue indicates deep sea settings, the light blue represents shallow-marine settings, and green and brown designate the continental land masses for 94 Ma (Scotese, 
2008). Numbers for additional sample localities are referred to in Table 1.
were not restricted (Erbacher et al., 2004; MacLeod et al., 2008 and 
references therein). Meter composite depth (mcd) below seafloor 
for holes 1258B and 1258C for the new data presented here were 
adjusted based on correlation with the carbon isotope stratigra-
phy of hole 1258A. This approach was adopted by Erbacher et al.
(2005) and subsequently used in additional publications (Hetzel et 
al., 2009; MacLeod et al., 2008; Owens et al., 2012). This compos-
ite section is characterized by a nearly continuous record of finely 
laminated, organic-rich sedimentary deposition preceding, during 
and subsequent to the OAE—a unique feature among sites that 
record OAE2.

3.2. Methods

Prior to analysis, all samples were examined for signs of oxi-
dation, such as elemental sulfur and other secondary sulfur com-
pounds from pyrite oxidation, along with related iron oxide coat-
ings on the core surfaces. Oxidized surfaces were then removed 
using a saw prior to further processing. Samples were then crushed 
and homogenized using a ceramic trace metal-clean ball mill. See 
appendix for more detail on all methods.

3.2.1. Carbon
Determination of new data for total inorganic carbon (TIC) via 

acidification and total carbon (TC) via combustion was performed 
on an Eltra CS-500 carbon–sulfur analyzer. Total organic carbon 
(TOC) is calculated by difference (TOC = TC − TIC).

3.2.2. Fe geochemistry
Briefly, distinct Fe species were isolated by a series of sequential 

chemical extractions (Poulton and Canfield, 2005). First, carbonate-
associated iron (Fecarb) was extracted using a sodium acetate so-
lution, followed by a sodium dithionite solution to dissolve oxide-
bound iron (Feox). During the final step, magnetite iron (Femag) was 
extracted using an ammonium oxalate/oxalic acid solution. Iron in 
the three solutions was analyzed via inductively-coupled-plasma 
mass-spectrometry (ICP-MS) using an Agilent 7500ce. Replicate 
analyses are reproducible within 7%. Highly reactive iron (FeHR) 
was calculated by summing Fepyrite (Fepy), Fecarb, Feox and Femag. 
Concentrations of Fepy were estimated from the pyrite sulfur 
content—as measured through conventional chromium reduction 
analysis followed by iodometric titration (Canfield et al., 1986)—
assuming a stoichiometry of FeS2.

3.2.3. Elemental concentration
Elemental concentrations were initiated via a standard sequen-

tial acid digestion and quantified using an ICP-MS. In all cases, 
analyses of standard reference materials (SDO-1 shale) were within 
the accepted analytical error for all pertinent elements. Specifically, 
iron yielded errors less than ±4%, and Mo, V and Zn had errors less 
than ±6%. Procedural blanks were below detection limits.

3.2.4. Organic analysis
Powdered samples were extracted in a Microwave Acceler-

ated Reaction System (CEM Corp.) with dichloromethane and 
methanol (9:1 v/v) at 100 ◦C for 15 min. Extracted sediment 
residues were impregnated with ammonium dioxydithiomolybdate 
[(NH4)2MoO2S2], which decomposes during hydropyrolysis (HyPy) 
conditions above 250 ◦C. HyPy was conducted using a continu-
ous flow catalytic hydropyrolysis apparatus as described by Love 
et al. (1995). Solvent extracts and hydropyrolysates were separated 
into aliphatic, aromatic and polar fractions by silica gel column 
chromatography. Gas-chromatography mass-spectrometry (GC-MS) 
analyses of saturated and aromatic hydrocarbons were conducted 
in full scan mode over a mass range of 50 to 600 Da. These anal-
yses were accomplished using an Agilent 5973 MSD mass spec-
trometer interfaced to an Agilent 7890A equipped with a DB-1MS 
capillary column (60 m ×0.32 mm, 0.25 μm film) and run with He 
as carrier gas. Hopanoid/steroid ratios were calculated as the sum 
of free hydrocarbon (solvent extracts) plus kerogen-bound (HyPy) 
C27–C35 hopanes/enes (m/z 191) divided by the sum of free hy-
drocarbon plus kerogen-bound C27–C29 steranes (m/z 217) and 
sterenes (m/z 215).

We used Metastable Reaction Monitoring-Gas Chromatography-
Mass Spectrometry (MRM-GC-MS) for monitoring the relative 
abundance of dinosteranes (4,23,24-trimethylcholestanes) and
4-methyl-24-ethylcholestanes to regular steranes (4-desmethyl 
steranes) to assess source contributions from dinoflagellates to the 
eukaryotic planktic community and for calculating 2-Methylhopane 
Indices (2-MeHI). These analyses were performed using a Waters 
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Autospec Premier mass spectrometer equipped with an Agilent 
7890A gas chromatograph and DB-1MS coated capillary column 
(60 m × 0.25 mm, 0.25 μm film) using He for the carrier gas. 
Procedural blanks were analyzed to ensure very low levels of 
background biomarker compounds for both extractions and hy-
dropyrolysis products.

3.2.5. Modeling
We employ a variant of the mass balance model developed in 

Reinhard et al. (2013), in which oceanic Mo is treated as a single 
well-mixed reservoir. The size of the Mo reservoir is controlled by 
the balance between a primary input flux—predominantly riverine 
input through continental weathering of sulfides and organic mat-
ter hosted in exposed crustal materials (Miller et al., 2011)—and 
a series of permanent removal fluxes from the marine reservoir 
associated with the burial rate in oxic sediments (αox), reduc-
ing sediments (αred) and sulfidic environments (αsulf ). The general 
equation for the globally averaged seawater concentration of Mo is 
given as:

d

dt
Msw

Mo = J in −
∑

i

Aib
ini
i Rαi

Mo,

where Msw
Mo is the seawater reservoir mass of dissolved Mo. Param-

eters Ai , bini
i and Rαi

Mo denote the area, initial (background) burial 
rate and normalized seawater reservoir ([Mo]t/[Mo]0) for a given 
sink I , respectively. The term αi represents the burial rate expo-
nent for a given marine sink, essentially specifying the shape of 
the feedback relationship between marine reservoir size and the 
magnitude of each removal flux.

The relatively high and stable pO2 values thought to charac-
terize most of the Phanerozoic (Berner et al., 2003) indicate that 
sulfide and organic matter weathering would be largely ‘transport 
limited’, that is, limited by the rate of erosional stripping and thus 
exposure to the atmosphere (i.e., West et al., 2005) and are there-
fore unlikely to dictate perturbations to the marine reservoir over 
the time scales of interest in this study. As such, we consider it 
likely that major perturbations to the marine Mo reservoir will be 
most readily dictated by changes in the sink terms and thus the 
redox structure of the ocean.

Assuming steady state and that all burial rate exponents are 
similar (αox ∼ αred ∼ αsulf ), expansion of the sink term i allows us 
to solve for the initial globally averaged sulfidic burial rate (bini

sulf ):

bini
sulf =

[
J in

Rα
Mo

− Aoxbini
ox − Aredbini

red

]
A−1

sulf

Following Reinhard et al. (2013), we specify that the burial ca-
pacity of reducing marine environments that will bury significant 
authigenic Mo decreases in a logarithmic fashion with increasing 
bathymetric depth. The result is an overall decrease in globally 
averaged burial capacity as large regions of the seafloor become 
reducing. This relationship is not particularly well-constrained, but 
our model is governed primarily by varying a scaling parameter 
(σ Mo) to adjust the initial globally averaged sulfidic burial rate 
(bini

sulf ) to that characteristic of the modern ocean when all other 
parameters are set to modern values.

4. Results

4.1. Geochemical data

A composite 10 m section from Site 1258, incorporating data 
from Erbacher et al. (2005), Hetzel et al. (2009), Owens et al.
(2012) and new data from this study is marked by generally high 
organic carbon contents ranging from 0.5 to 30 wt% and carbonate 
Fig. 2. Stratigraphic trends for inorganic and organic trends where OAE2 is marked 
by the gray box, delineated by the positive carbon isotope excursion. The ∗ denotes 
that these plots are corrected for carbonate content. There are four data points 
for Mo∗ that are not plotted, and that are above the axis maximum (426.35 to 
426.37 mcd) with values up to 796 ppm. H/St∧ is the hopanoid/steroid ratio calcu-
lated from quantitative lipid biomarker analysis for the combined (free hydrocarbon 
+ kerogen-bound) biomarker pools and is a broad measure of the balance of bacte-
rial/eukaryotic source organism inputs. The gray squares in the TOC panel represent 
are carbonate corrected values for TOC showing that the variation in TOC is partially 
due varying amounts of carbonate. The δ13C data is from Erbacher et al. (2005), ele-
mental concentrations/ratios and TOC and trace metals are from Hetzel et al. (2009), 
Owens et al. (2012) and this study.

contents ranging from 0 to 95 wt% (Fig. 2). Interestingly, local TOC 
contents, on a carbonate-free basis, show very minimal increases 
during the OAE, with average TOC values of 18.8 wt% for non-
OAE intervals and 21.9 wt% during the OAE. Importantly, Site 1258 
maintains relatively stable and elevated FeHR/FeT and Fepy/FeHR
ratios throughout the section—with averages of 0.82 ± 0.12 and 
0.76 ± 0.09, respectively (Fig. 2). These values do not include Feox
due to possible post-drilling oxidation of pyrite (see Discussion).

The magnitude of trace metal enrichments can be influenced 
by carbonate dilution, but our observed trends are not a prod-
uct of this potential artifact. Specifically, the data plotted on a 
carbonate-free basis (Fig. 2) show trends that are very similar to 
those for the non-normalized data (all data in appendix). More to 
the point, the carbonate contents during the OAE (Fig. 2) are low 
compared to those before and after. As a result, the systematic 
differences in trends for Mo, V and Zn during the event com-
pared to the data from before and after are actually muted by 
the greater impact of pre- and post-event carbonate dilution. The 
non-OAE average baseline for carbonate-free Mo at this locality is 
184 ± 91 ppm (all ranges are 1 standard deviation of the data), 
while the average carbonate-free Mo concentration during the OAE 
drops to 56 ± 38 ppm. The carbonate-free V and Zn concentrations 
outside the OAE are 2, 151 ± 1, 134 and 1, 258 ± 1, 798 ppm, re-
spectively, while carbonate-free concentrations drop to an average 
of 522 ± 384 and 211 ± 321 ppm, respectively, during OAE2. The 
non-OAE V and Zn include decreasing values observed just prior 
to the OAE (see Discussion). Furthermore, a ∼3-m mid-portion of 
the OAE [422.99 to 425.92 mcd] preserves very low enrichments 
of all three elements. At the nadir of the event, defined by the 
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plateau of the δ13C curve, Mo, V and Zn enrichments approach the 
crustal averages of ∼2 ppm, ∼180 ppm and ∼75 ppm (Taylor and 
McLennan, 1995), respectively—with observed respective average 
concentrations of 18 ± 10, 263 ± 79 and 110 ± 89 ppm, including 
Mo concentrations as low as ∼2 ppm.

4.2. Lipid biomarker stratigraphic trends

We analyzed the stratigraphic distributions and abundances 
of hopanes plus hopenes (C27–C35) and steranes plus sterenes 
(C27–C30) in ten kerogen hydropyrolysates and corresponding sol-
vent extracts to assess the relative sedimentary contributions of 
bacteria and eukaryotes. Solvent extractable hydrocarbons yielded 
results comparable to previous lipid biomarker results reported 
for sediments from Site 1258 (Forster et al., 2004). The sam-
ple coverage was chosen to capture the biomarker record pre-, 
syn- and post-OAE, coincident with the trace metal trends. Ta-
ble S1 indicates that, as expected for low maturity, high sulfur 
sediments, >85% of the total hopanoid and steroid biomarkers 
considered here were generated from the kerogen via cleaving of 
covalent-linkages. Product profiles and the consistency of the ther-
mal maturity relationships between free and bound portions of the 
biomarker pool argue for a predominantly autochthonous marine 
origin for both free and bound biomarkers at Site 1258.

The observed stratigraphic trends for hopanoid/steroid (H/St) 
ratios are similar to previous results from the end-Permian (Cao et 
al., 2009), with the highest ratios observed during the positive Corg
excursion. However, it has been documented that absolute values 
for H/St for free hydrocarbons and kerogen-bound pools are differ-
ent due to selective biomarker partitioning in immature Sorg-rich 
rocks (Kohnen et al., 1992). As such, we focus on the total (free 
plus bound) hopanoid/steroid ratio to get the quantitatively most 
accurate picture of the magnitude of change in this ratio observed 
through OAE2 at Site 1258. Major shifts in hopanoid/steroid ratios 
largely record changes in the balance of bacterial versus algal pri-
mary production. An approximately two- to three-fold increase in 
the total H/St biomarker ratio is observed [pre-OAE average of 0.79 
(n = 3); OAE average of 1.50 (n = 4) and maximum of 1.80; and a 
post-OAE average of 0.92 (n = 3); see Fig. 2 and Table S1].

Steranes are typically much more abundant in the hydropyrol-
ysis products than extracts; therefore, we focus on carbon number 
distributions in the bound pool. Free and bound sterenes and free 
and bound steranes all have very similar stratigraphic trends. Prior 
to the onset of the OAE, C28 and C27 steranes are similarly abun-
dant (average 32 and 33% of total C27 to C30 steranes, respectively, 
n = 3), with C29 steranes somewhat less common at 27%. C30 reg-
ular and 4-methylsteranes are much less abundant at 5 and 2%, 
respectively. During the OAE (n = 4), the relative abundance of C28
steranes drops to 25%, while C29 steranes increase to 30%, and, 
most significantly, C27 steranes become most abundant at ∼38% 
of the total C27–C30 steranes. C30 steranes decrease to 3%, and 
4-methylsteranes from dinoflagellates increase to 4% during the 
OAE. Thus, during the peak of the OAE, the sterane carbon number 
patterns suggest that red algal classes that produce C27 compounds 
as their major membrane sterols became more abundant within 
the eukaryotic planktonic community. After the OAE (n = 3), dis-
tributions return to values similar to pre-OAE profiles, with C27
and C28 again most abundant at 34 and 33%. C29 steranes are less 
abundant at 27%. C30 steranes increase slightly up to 4%, while 
4-methylsteranes decline to 3%.

4.3. Modeling

Our steady-state model can produce a significant Mo draw-
down due to an expansion of global euxinic conditions (Fig. 3). We 
vary σ Mo and αsulf values over a relatively wide range and solve 
Fig. 3. Steady state analysis of Mo mass balance model discussed in the text. On 
the y-axis is the sulfidic burial rate of Mo and on the x-axis is the area of sul-
fidic bottom water. Vertical contours show isolines for [Mo] = 10 nM at a range of 
burial feedback coefficients (labeled according to α value) — showing, for example, 
that with a sulfidic seafloor area equivalent to ∼5% of modern seafloor area and a 
globally integrated initial Mo burial rate of ∼1.0 μg cm−2 y−1 (star) seawater [Mo] 
will only exceed ∼10 nM if α > 0.75. Vertical blue contours show the same cal-
culations with an additional doubling of reducing seafloor area, and are meant to 
schematically depict the sign and magnitude of changes associated with relaxing 
the assumption of constant Ared.

the model at steady state for a globally averaged seawater [Mo] 
value of 10 nM, the biological nitrogen fixation threshold (Glass 
et al., 2010; Zerkle et al., 2006). These results show that there 
are large regions of free parameter space that produce globally 
averaged seawater [Mo] at or below ∼10 nM, but euxinic expan-
sion remains at or below estimates from Owens et al. (2013). Our 
model, while paying careful attention to the key parameters and 
being among the most comprehensive attempted to date, may be 
oversimplified in that it assumes that the strength and interrela-
tionship of all burial rate feedbacks are identical. Indeed, it is easy 
to imagine mechanistic reasons they could differ, but those addi-
tions are beyond the scope of this study. In addition, the scaling 
approach of the offshore burial rate of Mo used here is not inclu-
sive of all burial rates due to the shallowness of modern euxinic 
basins. Nevertheless, steady-state Mo modeling suggest that ob-
taining ∼10 nM seawater values is possible with euxinic bottom 
waters covering 7% or less by area of the ocean bottom, which is in 
good agreement with inferences from the S isotope record (Owens 
et al., 2013).

5. Discussion

5.1. Drawdown of metals during the OAE and biotic response

We first explored the local depositional redox chemistry by an-
alyzing the associated Fe geochemistry for 43 samples over the 
10 m section. The sequential Fe extraction method differentiates 
among the highly reactive iron phases (Poulton and Canfield, 2009)
that are reactive to hydrogen sulfide on the short time scales of 
deposition and shallow burial. Values above 0.38 for FeHR/FeT ra-
tios are diagnostic of deposition under anoxic conditions. These 
elevated values, in combination with elevated Fepy/FeHR (>0.7), 
suggest deposition beneath euxinic waters because nearly all of 
the reactive Fe has been converted to pyrite (März et al., 2008;
Poulton and Canfield, 2009). Sulfide-rich (euxinic) depositional set-
tings are, by definition, reactive Fe-limited (Raiswell and Berner, 
1986). Importantly, Site 1258 maintains relatively stable and el-
evated FeHR/FeT and Fepy/FeHR ratios throughout the section—
consistent with local euxinia before, during and following OAE2 
(Fig. 2).
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Due to the considerable amount of time between drilling and Fe 
extraction (∼10 yrs), we must consider the possibility that some if 
not all of the Feox is a product of pyrite oxidation during core stor-
age. This possibility is supported by the low amounts of Feox in a 
low resolution sample set from the same core analyzed soon af-
ter collection (published three years after drilling; Böttcher et al., 
2006), which could be predicted given the high amounts of or-
ganic carbon and associated expectation that any residual Fe(III) 
would likely be reduced by bacteria or through reaction with H2S. 
Because it is likely that the samples have experienced some post-
drilling pyrite oxidation, there is a risk of ‘double counting’ Fepy in 
our calculation of FeHR because chromium reduction will quantify 
the elemental sulfur derived as an initial product of pyrite oxida-
tion, and any Feox resulting from pyrite oxidation will be extracted 
during the dithionite step. Therefore, we do not include Feox in our 
calculation of FeHR as plotted in Fig. 2, although FeHR calculated 
with and without Feox is presented in the Appendix. Importantly, 
Feox is generally very low in our samples (ranging from 0.02 to 
0.71 wt% and averaging 0.17 wt%), consistent with Böttcher et al.
(2006). Furthermore, even with the inclusion of Feox in our calcu-
lations of FeHR, most of the samples (33 of 43) would still show 
Fepy/FeHR ratios above the euxinic threshold value of 0.7 (März et 
al., 2008).

Such independent constraints on local redox provide crucial 
context for the interpretation of trace metal enrichment records 
and, more specifically, are essential for assessing global controls 
on trace metal inventories. For example, varying magnitudes of 
trace metal enrichment recorded in black shales during locally per-
sistent euxinia are reasonably attributed to time-varying changes 
in seafloor redox, with lower local enrichments reflecting a larger 
global extent of oxygen deficiency (Reinhard et al., 2013, and ref-
erences therein). We note, however, that other factors (organic car-
bon fluxes, local sulfide levels, bulk sediment mass accumulation 
rates, etc.) translate into some degree of uncertainty in quantifying 
those global extents and are important avenues of further model 
development (e.g., Lyons et al., 2014). In any case, our independent 
environmental context indicates that Site 1258 should provide an 
ideal window into ocean/global-scale marine redox.

Substantial trace metal drawdown observed during OAE2
(Fig. 2) suggests a dramatic and widespread perturbation to the 
marine geochemical redox system that impacted global metal in-
ventories and isotopes (Dickson et al., 2016; Goldberg et al., 2016;
Hetzel et al., 2009; van Helmond et al., 2014). Again, the persis-
tence of local euxinia throughout the analyzed interval at Site 1258 
confirms that shifting local redox is not the primary control on 
the observed metal enrichment pattern, and we can think of no 
reasonable local inventory control that would assert itself differen-
tially over the entire interval of interest (see below). Additionally, 
the observed trace metal trends are unlikely to be driven by differ-
ential incorporation into organics due to elevated organic carbon 
content throughout the section, although the drawdown of metals 
could affect porphyrin preservation (Junium et al., 2015). At the 
nadir of trace metal drawdown, sedimentary Mo, V and Zn enrich-
ments (carbonate-corrected) decrease by as much as 90% at Site 
1258 (e.g., average Mo concentrations decrease from 184 ppm to 
18 ppm) during continuously euxinic local deposition.

Additionally, and importantly, the decline in V and Zn enrich-
ments precedes the OAE and associated Mo depletion (based on 
the concentration of each element declining to near crustal val-
ues – Mo at 425.74 m and V at 426.32 m) by ∼0.6 m or ∼75 kyr 
assuming a linear sedimentation rate of ∼8 m/myr—based on the 
estimated 0.5 myr duration of OAE and its 4 m thickness (Fig. 4). 
It should be noted that using a longer duration for OAE2 would in-
crease the amount of time between the drawdown of these two 
elements. Once Mo drawdown begins, it is very rapid (∼25 kyr)—
from 140 ppm at 426.08 mcd to <50 ppm at 425.88 mcd—despite 
Fig. 4. An in-depth view of the stratigraphic plots from Fig. 2 for Mo and V for Site 
1258 (gray box represents OAE2). Note the drawdown of V prior to the OAE while 
the nadir in Mo enrichment is not achieved until after the onset of the OAE. The 
lower dashed line indicates the initial drawdown of V and the upper line delin-
eates the start of the muted Mo enrichments. These two horizons are separated by 
∼75 kyr. Similar to Fig. 2 there are 4 outliers not included on the plot for clarity.

its long residence time. As such, we argue that the offset be-
tween the drawdown of V and Zn versus Mo is unlikely to have 
been driven by differences in the residence (response) times for 
the three metals. Instead, this offset is most easily explained by 
dramatic increases in metal uptake (V and Zn) via large-scale ex-
pansion of anoxia, followed by subsequent expansion of euxinic 
conditions that impacted the Mo reservoir.

5.2. Mo-TOC intersite comparison

There is a broad similarity between modern euxinic basins and 
OAE2 data from Site 1258 in terms of the observed Mo-TOC re-
lationship (Algeo and Rowe, 2011; Hetzel et al., 2009). It is well 
documented in the modern ocean that Mo co-varies with TOC in 
euxinic settings (Algeo and Lyons, 2006; Lyons et al., 2009). Fur-
ther, the modern euxinic Black Sea records low Mo/TOC values 
due to the relatively low bottom-water Mo concentrations (Lyons 
et al., 2009), while open-ocean euxinic localities such as the Cari-
aco Basin record greater Mo/TOC due to a more open-ocean supply 
of Mo (Algeo and Lyons, 2006; Lyons et al., 2009). Therefore, the 
Mo/TOC relationship in modern euxinic basins is highly dependent 
on the Mo inventory of the water column.

Site 1258 shows a similar Mo/TOC relationship with two dis-
tinct populations (Algeo and Rowe, 2011; Hetzel et al., 2009). 
Specifically, the non-OAE (pre- and post-OAE2) samples show ra-
tios similar to those from the Cariaco Basin, while ratios from 
the OAE resemble those from the Black Sea. Importantly, simi-
larly low Mo/TOC ratios are recorded in numerous organic-rich 
OAE2 localities (Table 1) from several ocean basins, including the 
Western Interior Seaway and the proto-North and -South Atlantic 
and Tethys oceans (see Fig. 1 and Table 1). Averages of the indi-
vidual ratios at each location are all below 6.5 (see supplemen-
tal information for more details). Note that we do not include 
sites with anomalously low sedimentation rates; a lack of strati-
graphic data or, obviously, samples lacking companion Mo and 
TOC data. The included localities show a collective, uncorrected 
average Mo concentration during the OAE of ∼25 ppm, and the 
average TOC for these sections is 8.7 wt% (Table 1). We note that 
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only some of these past studies have used independent analy-
sis beyond trace metal enrichments, such as organic biomarkers 
or Fe speciation, to demonstrate euxinia (Kuypers et al., 2004a;
Lenniger et al., 2014; Owens et al., 2012; Westermann et al., 2014). 
Further, some sites were thought to have been anoxic but not eu-
xinic based on Fe speciation; however, this relationship could be 
due to post-depositional pyrite oxidation (Lenniger et al., 2014;
Owens et al., 2012; Westermann et al., 2014). In fact, many of 
the localities have been interpreted as low oxygen environments, 
rather than euxinic, due to slightly enriched but still muted Mo 
enrichments—thus missing the possibility of temporally varying 
reservoir controls under persistently euxinic local conditions. We 
would expect that all redox sensitive (Mo, V, Zn, etc.) elements be-
have similarly, where a global reduction of the marine trace metal 
reservoir size would cause low enrichments of redox sensitive ele-
ments even in the face of euxinic conditions, as witnessed at Site 
1258.

5.3. Modeling Mo drawdown

The observed trend in Mo concentrations suggests a dramatic 
perturbation to the geochemical redox evolution of the ocean dur-
ing OAE2. To explore the possibility of marine seawater [Mo] draw-
down we have calculated the parameter space (burial rate, α, σ Mo
and bottom water redox conditions) needed to maintain [Mo] at 
the biological threshold of ∼10 nM as defined by nitrogen fixa-
tion (Glass et al., 2010; Zerkle et al., 2006). The Mo data suggest a 
90% drawdown of the Mo reservoir thus reaching ∼10 nM concen-
tration if the starting value was close to modern values (107 nM). 
Fig. 3, shows that achieving the biologically significant threshold 
of 10 nM seawater Mo concentration can be accomplished with 
minimal euxinic conditions, as constrained by C and S isotope 
systematic of 3 to 7% euxinic seafloor (Owens et al., 2013). The 
model does not provide a unique solution as there are several 
under-constrained parameters (e.g., exact values for burial rate, α
and σ Mo).

Despite uncertainties in the specific combination of parameters, 
it seems clear that the marine reservoir of Mo can be dimin-
ished dramatically by a marine redox perturbation on the order 
of OAE2—with the implication that the seawater reservoir size of 
redox-sensitive trace metals can be severely impacted by benthic 
redox structure even under relatively high atmospheric pO2. It is 
possible that marine Mo concentrations during Phanerozoic per-
turbations to ocean chemistry (such as OAE2) approached levels 
that may have impacted the overall nutrient status of some surface 
ocean environments. We emphasize that the globally integrated 
impact of such perturbations to metal micronutrient availability 
and the potential for biological adaptation to low nutrient lev-
els are not well understood (see Glass et al., 2010, for discussion; 
Reinhard et al., 2013). That said, our analysis highlights the signifi-
cant impact that transient perturbations to seawater micronutrient 
chemistry may have had on the entire ocean for the cycling of 
carbon, oxygen and trace element during the Cretaceous. We an-
ticipate similar impacts on local pelagic ecology. This finding is 
corroborated by nitrogen isotope data at Site 1258 (Higgins et al., 
2012; Junium et al., 2015; Zhang et al., 2014), which suggest a re-
duction in Mo-based nitrogenase during OAE2.

Our model calculations are performed assuming constant in-
put fluxes, while only manipulating seafloor redox conditions (oxic, 
reducing and sulfidic burial); however, increases in continental 
weathering have also been documented during OAE2 (Pogge von 
Strandmann et al., 2013, and references therein). These increases 
could influence sedimentation rates and trace element input rates 
to the ocean. A significant increase in the input flux from conti-
nental weathering would require a greater extent of euxinia and/or 
reducing environments to produce the same Mo drawdown. How 
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Fig. 5. Stratigraphic records of hopanoid/steroid calculated from total biomarker yields (free hydrocarbon + kerogen-bound), bound sterane carbon number patterns as 
percentages of total C27–C30 steranes, and methylhopane indices (MeHI) for bound C32–C34 methylhopanes.
trace-metal fluxes increase with continental weathering is a topic 
that is relatively unexplored, but if we assume a roughly linear 
scaling, a doubling of the weathering Mo flux, holding all other pa-
rameters constant, would require a near doubling of seafloor area 
for a given environment (reducing or euxinic) to account for the 
same seawater Mo drawdown.

5.4. Trace metal limitation as a feedback on OAE duration and 
predictions for biotic response across different oceanographic settings

Upwelling at Site 1258 delivered significant amounts of am-
monium, phosphorus, and other nutrients from the deep ocean 
(Higgins et al., 2012, and references therein), thereby support-
ing local primary production before, during and after OAE2 de-
spite drawdown in bioessential trace elements during the event. 
Nonetheless, lipid biomarker analyses indicate substantial strati-
graphic perturbations to the relative bacterial versus algal commu-
nities across OAE2 at Site 1258.

All of the H/St ratios are within the commonly observed 
Phanerozoic range for marine rocks (0.5–2.0), and eukaryotic or-
ganic contributions are appreciable. However, the stratigraphic 
trends in H/St values at this site are substantial, revealing system-
atic variation through the OAE (Fig. 5). Importantly, the observed 
increase in H/St during the OAE (up to 1.80) is driven by both an 
increase in hopanoid yields and a decrease in steroid biomarker 
yields, most likely arising from diminishing eukaryotic contribu-
tions to sedimentary organic matter during the OAE (Table S1), 
particularly during the peak of the OAE (Fig. 2). In other words, we 
see a systematic increase in the balance of bacterial to eukaryotic 
source inputs at Site 1258 during the OAE, likely reflecting their 
proportions in exported primary production. This increase is co-
incident with the decrease in trace metals and rebounds roughly 
synchronously with the observed trace metal trends—that is, sub-
sequent to the OAE, local H/St ratios return to near pre-OAE values, 
generally coincident with recovery of trace metal enrichments.

The change in sterane number patterns observed (Fig. 5; see 
Section 4.2) suggests a shift away from chlorophyll c-containing 
biomarkers derived from red algal clades (haptophytes/diatoms)—
which were abundant as marine plankton in the late Mesozoic 
and produced C28 steroids as major constituents—toward a eu-
karyotic primary producing community richer in rhodophyte and 
other red algal classes (including dinoflagellates) that produce C27
compounds as their major membrane sterols. The drop in the con-
tribution of C28 steranes observed through OAE2 is in contrast to 
C28 sterane increases observed during oceanic anoxic events in the 
Paleozoic (Schwark and Empt, 2006), which we attribute to blooms 
of prasinophyte algae. These algae can better cope with nutrient 
stress compared with other green algae.

Analysis of HyPy products also reveals a series of C30 methyl-
steranes that includes 4-methylsteranes most commonly biosyn-
thesized by dinoflagellate algae. A doubling in the abundance 
(from 2 to 4% of total kerogen-bound steranes) of four dinosterane 
diastereoisomers (4α, 23, 24-trimethylcholestanes) and 4-methyl-
24-ethylcholestane relative to regular (4-desmethyl) steranes is ob-
served through OAE2 (Fig. 5) and provides direct evidence that 
dinoflagellates were important constituents of the planktonic com-
munity from red algal lineages that prospered during intervals 
marked by trace metal drawdown. This trend is consistent with 
previous studies that have indicated increased contribution of di-
noflagellate cysts (van Helmond et al., 2014) and dinoflagellate 
biomarkers (Sepúlveda et al., 2009) through the positive carbon 
isotope excursion associated with OAE2. Importantly, dinoflagel-
lates cope better than coccolithophorids under nitrogen and trace-
metal stress (Erba, 2004), given their ability to form cysts and 
adapt to a mixotrophic lifestyle—that is, alternate between autotro-
phy and heterotrophy. As such, they have a competitive advantage 
over other eukaryotic phytoplankton during global drawdown of 
trace metals and fixed nitrogen, which also favored bacterial pri-
mary production. Dinosteranes are particularly abundant in other 
Mesozoic black shales deposited under euxinic marine conditions, 
such as the Jurassic Jet Rock and Kimmeridge Formations (e.g. 
Summons et al., 1992; Van Kaam-Peters and Sinninghe Damsté, 
1997).

Although 2-methylhopanoids (2-MeHI) have a range of potential 
bacterial sources from cyanobacteria and proteobacteria (Welander 
et al., 2010), in the Cretaceous marine realm, N2-fixing cyanobac-
teria remain a plausible source (Dumitrescu and Brassell, 2005;
Kuypers et al., 2004b). Elevated 2-MeHI values (>5%) are asso-
ciated with the onset of the C-isotope excursion and the highest 
H/St ratios measured in our samples (Fig. 5). The OAE proper re-
veals elevated 2-MeHI values of up to 22.5% (Table S2), which are 
significantly higher than those measured pre- and post-excursion. 
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Very high 2-MeHI values (>20%) have also been recorded in the 
aftermath of the end-Permian mass extinction in early Triassic 
strata from South China and are associated with a perturbation 
to the nitrogen cycle—apparently limited availability of nitrate—as 
evidenced by δ15Norg reflecting a diazotrophic N2-fixing bacterial 
signal (Cao et al., 2009).

Overall, a systematically diminishing relative eukaryotic con-
tribution to sedimentary organic matter is observed at Site 1258 
during the peak of OAE2, coincident with the lowest sedimen-
tary Mo, V and Zn concentrations and hence the greatest oceanic 
drawdown. The biomarker ratios and abundance trends may most 
reasonably be interpreted to reflect an increase in the balance of 
bacterial to eukaryotic primary production during the OAE, which 
coincides locally with a drop in concentration of multiple tran-
sitional metals. At this point, the exact cause of this ecological 
perturbation is unclear but likely reflects one of the following or 
a combination: (1) Mo depletion that controlled fixed N assimi-
lation by eukaryotes, (2) selection in favor of cyanobacteria un-
der eutrophic conditions due to local upwelling of fixed N and/or, 
(3) essential metal limitation (such as Zn) for eukaryotes as a lo-
cal factor. Furthermore, the structure of the eukaryotic planktonic 
community changed in composition to favor red algal lineages 
(such as rhodophytes and dinoflagellates) that coped best with the 
euxinic, nitrogen and trace metal stress observed during the peak 
of OAE2. Locally site 1258 maintained high levels of organic car-
bon burial despite possible metal limitation during the OAE due 
to high local nutrient availability from upwelling of nutrient-rich 
waters reducing the local impact of nitrogen-stress on eukaryotes 
such as microalgae (Higgins et al., 2012).

6. Summary and conclusions

The observed stratigraphic trends in redox sensitive trace met-
als, when combined with the global record of low Mo/TOC and 
geochemical modeling of the marine Mo inventory, suggest that 
the globally integrated ocean could have had Mo concentrations on 
the order of those expected to impact biological metabolism (Glass 
et al., 2010; Zerkle et al., 2006). Importantly, ocean-scale euxinia is 
not required, less than 7% seafloor area is sufficient, for the draw-
down of redox sensitive trace metals. The observed patterns can 
instead be explained by highly productive continental margin set-
tings. Locally, Site 1258 maintained high levels of organic carbon 
burial, despite possible metal limitation during the OAE, due to up-
welling of fixed nitrogen. For areas along continental margins but 
outside of upwelling regions, we suggest that oxygen-limitation 
and associated microbial loss of fixed nitrogen was compounded 
by limitations in bioessential trace metals. These metals are re-
quired for cyanobacterial enzymes to replenish the fixed nitrogen 
pool and sustain marine productivity—specifically within less in-
tense upwelling regions along continental margins and within cen-
tral portions of the ocean. Ultimately, the observed trace metal 
drawdown during OAE2 may have been an important biological 
feedback mechanism that eventually limited the duration of this 
massive carbon burial event during the well oxygenated Mesozoic.

Site 1258 was locally euxinic throughout the analyzed section, 
but the observed decline in V enrichment predates the carbon 
isotope excursion and the Mo drawdown. This observation sug-
gests a global expansion of low-oxygen/anoxic conditions without 
appreciable sulfide accumulation in the water column prior to ini-
tiation of OAE2, which is consistent with the idea of widespread 
oxygen deficiency. Interestingly, this pre-event decline in marine 
oxygen roughly correlates with increased turnover rates for ra-
diolarians (Leckie et al., 2002, and references therein). Of equal 
significance, the predicted expansion of seafloor euxinia and other 
reducing settings at the onset of OAE2, as defined by Mo, correlates 
broadly with increased turnover rates for calcareous nannofossils 
Fig. 6. Generalized relative stratigraphic changes of carbon isotopes (as reviewed 
in Jenkyns, 2010), redox conditions (from this study, Hetzel et al., 2009, Owens et 
al., 2012, 2013) and biomarker data (this study) and turnover rates (speciation and 
extinction) for three marine plaktonic protists (Leckie et al., 2002) during OAE2.

and benthic and planktonic foraminifera (Leckie et al., 2002). Fig. 6
presents an overview of current understanding of these global re-
lationships. Additionally, the low spatial and, in some cases, tem-
porally variable extent of a toxic euxinic ocean may help explain 
some of the limited extinction patterns observed in some clades 
(i.e., large portions of the ocean remain oxygenated). For example, 
it has been suggested that some of the epeiric seaway sites became 
more ventilated during the OAE based on increased bioturbation 
and a decrease in trace element enrichments (Eldrett et al., 2014; 
Meyers et al., 2005, 2012). However, muted trace element enrich-
ments could also reflect the decreased marine inventory that we 
describe in this paper.

The observed positive carbon-isotope excursion demands in-
creased global carbon burial throughout OAE2 even in the face of 
decreasing essential micronutrient supply. Our favored hypothesis 
is that increased productivity initiated the event, caused by a pulse 
of nutrient delivery from either greater hydrothermal fluxes, cli-
matically induced accelerated weathering or other factors acting 
alone or in combination. Then, enhanced preservation of organic 
matter under conditions of low oxygen and high sedimentation be-
came the dominant controls—particularly in marginal settings such 
as epeiric seaways and coastal upwelling zones. The organic carbon 
burial that drove the positive C excursion may have been associ-
ated with enhanced preservation in productive euxinic hotspots—
consistent with past estimates of 3 to 7% for the areal extent of 
euxinia (Owens et al., 2013).

Global expansion of low oxygen marine conditions in the 
Phanerozoic ocean are often manifest as short-lived, discrete 
events (<1 million yrs), perhaps at least in part as a result of bi-
ological metal feedbacks. Ultimately, the generally more reducing 
OAE ocean favored decreased supplies of fixed nitrogen and related 
inventories of bio-essential trace metals needed to sustain high 
productivity. These factors, along with copious oxygen release and 
subsequent cooling from atmospheric drawdown of CO2 through 
the global burial of organic carbon (as reviewed in Jenkyns, 2010), 
would have acted as negative feedbacks that returned the ocean to 
more generally oxidizing conditions. A similar chain of events may 
have played out repeatedly in the history of marine anoxia.
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